To further understand the impact of grafting on fruit characteristics and to comprehend the mechanisms involved in graft-induced changes we studied homo-and hetero-grafted Cucurbita pepo cultivars (cv.) that vary in fruit size and shape. C. pepo cv. 'Munchkin' (small fruit) and cv. 'Big Moose' (large fruit) as well as cv. 'Round green' (round fruit) and cv. 'Princess' (elongated fruit) were homografted and reciprocally heterografted. The results show significant changes in fruit size when 'Big Moose' was grafted onto 'Munchkin' rootstocks in comparison to homo-grafted controls. Moderate changes in fruit shape were observed when grafting of cv. 'Round green' and cv. 'Princess' were performed. This is the first report of such phenotypic changes after intra-species/inter-cultivar grafting in Cucurbitaceae. Additionally, we found significant changes in i) secondary metabolite profile, ii) global DNA methylation pattern and iii) miRNA expression patterns in grafted scions and iv) DNA methylation on graft-induced phenotypic changes in grafted plants. Our results contribute to further understanding graft-induced effects on fruit morphology in intra-species grafting. Furthermore, our results pave the way for understanding the role of phenolic metabolites and epigenetic molecular mechanisms on the phenotypic changes recorded.
Introduction
143 grafting combinations and non-grafted controls. We report here graft-induced changes in fruit 144 size and moderate changes in fruit shape of C. pepo scions accompanied by significant changes 145 in scion genomic DNA methylation, patterns, abundance of specific miRNA molecules and 146 secondary metabolites as compared to non-grafted control tissues.
148 Materials and Methods

Plant Material
150
Two independent grafting and MSAP experiments were conducted during two 151 consecutive summer periods (2014 and 2015) . Samples from 2014 were used for MSAP analysis 152 in relation to fruit size, whereas samples from 2015 were used for MSAP analysis in relation to 153 fruit shape and metabolite profile.
154
Four Cucurbita pepo cultivars were used for grafting; (1) cv. 'Round green' (round fruit 155 shape) (2) cv. 'Princess' (long fruit shape) (3) cv. 'Big Moose' (large fruit size) and (4) cv.
156 'Munchkin' (small fruit size). Seeds were initially sown in small pots that were kept in the 157 greenhouse at 25 °C. Grafting was carried out by the time plants had 2-3 true leaves and a shoot 158 diameter of about 1.5-2.0 mm. In total, four grafting combinations were produced representing 159 two reciprocal cv. combinations as following: (1) cv. 'Round green' on cv. 'Princess', (2) cv. 160 'Princess' on cv. 'Round green', (3) cv. 'Big Moose' on cv. 'Munchkin' and (4) cv. 'Munchkin' 161 on cv. 'Big Moose'. Grafting was performed following the splice-grafting method employing 162 grafting clips (for a review of grafting methods see (Lee et al. 2010) ). A total of 4 plants from 163 each grafting combination i.e. rootstock (RS) x scion (SC) were used for scoring for either fruit 164 size or fruit shape as well as for MSAP analysis. Controls included were (1) the homo-grafted 165 plants for example cv. 'Round green' grafted onto cv. 'Round green' for all four cvs. and (2) the 166 non-grafted s that served as reference state in MSAP comparisons as well (see below). Following 167 grafting, all plants were transferred in the growth chamber under constant temperature of 25 °C, 168 RH 85-95%, light flux 2,000 lux, photoperiod of 16 h light/8 h dark and kept for 2 weeks. 169 Successfully grafted plants were transferred in the greenhouse for an acclimation period of one 170 month, transferred to 7 L pots filled with calcareous clay soil afterwards and allowed to grow in 171 the open while watered regularly with nutrient solution. The same grafting design was used both 172 years.
DNA extraction from leaves of controls and scions, from plants presenting statistically 176 different phenotypes were used, was performed using NucleoSpin Plant II Kit (Macherey Nagel, 177 Duren, Germany), according to manufacturer's instructions.
178
For the detection of putative intra-cultivar variation, we selected 6 genotypes of each 179 grafting cultivar combinations (72 individuals in total) and we used a set of six Inter Simple 180 Sequence Repeats (ISSR) primers as described previously by Xanthopoulou et al. (2015) . PCR 181 reactions and gel electrophoresis were composed according to the authors above. (Figures 3 and 4) . Change event 243 "other" is not portrayed in Figures 3 and 4) . Subsequently, statistically significant differences 244 between the two treatment states i.e. "homo-" vs. "hetero-" grafted plants were assessed for the 245 MSAP polymorphic loci by means of a t-test employing SPSS (ver. 22). Separate tests were 246 performed for each cv. serving as rootstock (four independent experiments / statistical analyses 247 in total) and the two combinations employing the self cv. as scion. Total RNA was extracted from leaves (from plants presenting statistically different 251 phenotypes) using the TRIzol® Reagent (Invitrogen, USA) and DNase I was then used to 252 remove DNA. The integrity and purity of the total RNA were evaluated using 2% denaturing gel 253 electrophoresis and NanoDrop DU8000 spectrophotometry (A260/A280 and A260/A230). The 254 expression profiles of five miRNAs were assayed by stem-loop reverse transcription-PCR (RT-255 PCR). A 200 ng aliquot of total RNA was used for the initiation of the reverse transcription 256 reaction. The stem-loop reverse transcription primers were designed following the method 257 described by (Varkonyi-Gasic et al. 2007 ). The reverse transcription product is amplified using a 258 miRNA-specific forward primer and a universal reverse primer. The stem-loop reverse 259 transcription reactions were performed by Superscript III reverse transcriptase (Life 260 Technologies, Carlsbad, CA, USA) transcriptase according to the supplier's manual. PCR 261 primers were then added to perform the PCR. Relative quantification was performed using 262 Elongation Factor-1 (EF-1) as the endogenous control reference gene (Obrero et al. 2011 ). The 263 data were analyzed using the REST software (Pfaffl et al. 2002) . Fresh collected samples (each sample obtained from pooling fruit material from three 267 individual plants) were freeze dried (Freeze-dryer Alpha 1-2 LD plus, Christ, Germany; at -268 24°C), and then pulverized to fine powder. The extraction was performed by mixing 100 mg of 269 freeze-dried fruit sample with 5 mL 80% methanol into 15 mL falcon tube. The samples and 270 solvent were mixed by orbital shaker for 3 h at room temperature and the extraction proceeded 271 overnight at 4 °C in the dark. The resulting solutions were filtered on a 0.22 µm PFTE membrane 272 into a glass vial and analyzed as described below. Three replicates for each sample were done.
273
The analysis of phenolic compounds was performed using the method described previously 274 by (Vrhovsek et al. 2012 ). Samples were directly injected after extraction. Targeted Ultra 275 Performance Liquid Chromatography was performed on a Waters Acquity UPLC system 276 (Milford, MA, USA) consisting of a binary pump, an online vacuum degasser, an autosampler, 277 and a column compartment. Separation of the phenolic compounds was achieved on a Waters 278 Acquity HSS T3 column 1.8 μm, 100 mm × 2.1 mm (Milford), kept at 40 °C.
279
Mass spectrometry detection was performed on a Waters Xevo TQMS (Milford) 280 instrument equipped with an electrospray (ESI) source. Data processing was performed using the 281 Mass Lynx Target Lynx Application Manager (Waters). (Figure 2A ), were used to assess possible graft-induced alterations in fruit morphology in 290 reciprocal hetero-grafting combinations. Fruit morphology of grafted plants was assessed using 291 morphological traits according to UPOV descriptors such as weight, polar diameter and 292 equatorial diameter for the scion fruits from each grafting combination as well as from control 293 (non-grafted). The majority of the fruits produced by the 'Munchkin' and 'Big Moose' grafting 294 combinations although they had the expected phenotype i.e. they were similar to the fruit 295 phenotype of the non-grafted scion in every case ( Figure 1B) , they presented statistically 296 significant phenotypic differences with the fruits from the non-grafted or homografted plants in 297 terms of weigh, equatorial and polar diameter. In addition a single grafted 'Munchkin' (RS) x 298 'Big Moose' (SC) plant (termed "with altered fruit size"; Table 1 ) produced fruits with 299 pronounced morphological differences when compared to the non-grafted 'Big Moose' plants 300 ( Figure 1C) . A Distinct reduction in fruit weight and fruit size in this plant could be observed 301 when compared to the rest of the fruits produced by this grafting combination ( Figure 1D ). 302 Further, the reduction in fruit weight was approximately 2.6-fold compared to 'Big Moose' non-303 grafted control, more than 3-fold compared to 'Big Moose' homografts and 2.4-fold compared to 304 the majority of the 'Munchkin' (RS) x 'Big Moose' (SC). In addition, a significant decrease in 305 both equatorial and polar fruit diameter of about 2-fold was evidenced in this heterograft as 306 compared to the control non-grafted 'Big Moose' and Munchkin' (RS) x 'Big Moose' (SC) 307 plants (Table 1) . Figure 2B ). Grafting combinations of 'Princess' and 'Round green' did not produce extreme 316 differences in terms of morphological traits yet there were statistically significant especially for 317 equatorial and polar diameter when compared to non-grafted or homografted plants (Table 1) .
318
To exclude the possibility that fruit morphology changes rise from genetic variation 319 within cultivars or cross-pollination between them since C. pepo is an openly pollinated species, 320 molecular analysis with six polymorphic Inter simple sequence repeat (ISSR) markers was 321 performed according to (Xanthopoulou et al. 2015) . No intra-cultivar variation was found 322 among the 72 examined plants suggesting that epigenetic (rather than genetic) changes 323 associated with grafting should be sought as the underlying mechanism inducing morphological 324 alterations. 
359
As a second step, methylation change data underwent a detailed statistical analysis. The 360 chi-square test was applied to test the null hypothesis that homografting vs heterografting (four 361 independent comparisons-please see a)-d) below) are homogeneous regarding the methylation 362 event, i.e. the respective theoretical distributions of percentages regarding the categories of the 363 methylation event do not differ statistically significantly. The significance level was set to 0.05. 364 We considered the case with four different methylation event categories (1. de novo methylation, 365 2. demethylation, 3. no change, 4. other variation). A significant result would indicate significant 366 overall difference in the methylation categories' percentages between homografting and 367 heterografting, and therefore statistically significant difference in how methylation is expressed 368 in these two cases. We performed independently four comparisons, i.e. a) 'Munchkin' homo 381 The Cochran's criterion for the validity of all the above chi-square based tests has been checked 382 and was satisfied in all cases.
383 Graft induced changes in miRNA expression 384 As depicted in Figure 5A , significant changes were observed in expression levels of a 385 number of miRNAs in the 'Munchkin' and 'Big Moose' grafted plants, when compared to the 386 non-grafted controls. In the 'Munchkin' (RS) x 'Big Moose' (SC) that was the combination in 387 the grafted plant with the reduced fruit size, the expression of miR159 and miR164 was 388 significantly decreased by approximately 4-fold, whereas miR171 was decreased by 2-fold and 389 miR166 by 1.6-fold. On the contrary, non-significant expression changes were recorded in the (Figures 6A and B) . In the majority of samples, kaempferol-3-O-rutinoside (Km3rut), rutin and 405 isorhamnetin-3-O-rutinoside (Iso3rut) were the most abundant compounds, whereas in the 406 cultivars differing in fruit size significant amounts were detected for p-hydroxybenzoic (p-HBA), 407 cinnamic, ferulic and vanilic acid in scion fruits. In the different cultivars, nine ('Big Moose', 408 'Princess'), ten ('Munchkin') and fourteen ('Round green') phenolic metabolites were identified 409 (Tables 2 and 3) , while several metabolites seem to be influenced by grafting combination. 410 Concerning the fruit cultivars differing in shape, some of the identified metabolites such as 
474
Changes in DNA methylation of the graft partners could result in profound changes in 475 gene expression in both scion and rootstock tissues and consequently affect a multitude of 476 cellular pathways. The latter can be associated with distinct phenotypes including shoot 477 architecture, total yield, fruit morphology and quality, and responses to environmental stress. Our 478 data showed that intra-species Cucurbita heterografting altered fruit morphology. In the past we 479 have reported similar results when intra-species grafting in pepper using two cultivars of 480 different shape, cv. 'Long' (RS) x cv. 'Round green' (SC) resulted in a change in scion's fruit 481 morphology as the fruits had acquired a more elongated shape compared to the control s and the 482 homografted plants, resembling more the fruit phenotype of the rootstock rather than the scion. 483 Taking into account all the above considerations, it is possible that fruit morphology changes in 
